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By using the unrestricted Hartree-Fock approximation and the real-space recursion method, we have investigated various 

magnetic structures in an enlarged double cell of layered perovskite SrCeCoO4. These include the low-spin state ( 6 1

2g gt e ), 

high-spin state ( 5 2

2g gt e ), as well as all combinations among the two states. Our results show that the magnetic ground state 

mainly depends on the competition between the crystal field strength Dq  and Hund’s coupling j , For a fixed j the magnetic 

ground state is the high-spin antiferromagnetically ordered state. 

 

(Received October 5, 2013; accepted May 15, 2014) 

 

Keywords: Recursion method, Hartree–Fock approximation, Density of state, Layered perovskite, Spin state, Magnetic ground state 

 

 

 

1. Introduction 

 

Spin state is an important topic for many cobaltates, 

and it strongly affects or even determines their magnetic, 

electric, transport properties, and so on [1-6]. It can be a 

low spin (LS), a high spin (HS), or even an intermediate 

spin state (IS). This stems from a subtle interplay among 

the crystal field, Hund exchange, multiplet effect, 

spin-orbit coupling, and band hybridization. 

In recent years, there are a lot of experimental and 

theoretically works have been done about the layered 

perovskite system, for example La2-xSrxCoO4, Sr2CoO4, 

and LaSrCoO4 [7-12], While few experiment works have 

been done about the magnetic property of the 

electron-doped layered perovskite Sr2-xCexCoO4. In order 

to better understand the magnetic and electronic properties 

of the doped system, it is worthwhile to first investigate 

the half doped compound SrCeCoO4. It surely helps us to 

resolve the complex doped situation if a clear physical 

picture on magnetic structure emerges from layered 

SrCeCoO4. Thus we will study in this paper various 

magnetic states in an enlarged double cell of SrCeCoO4. In 

addition to the low-spin state (LS,
6 1

2g gt e ), and high-spin 

state (HS,
5 2

2g gt e ), we also consider all possible spin and 

charge ordered combinations among the two states. Note 

that the definitions of the two states are different from the 

ones in the other end member LaSrCoO4 because the 

former has one electron more than the latter. The 

calculation is performed within the unrestricted 

Hartree-Fock approximation on a realistic perovskite-type 

lattice model and the self-consistent solutions are obtained 

using the iteration method. The band-structure parameters 

are deduced from the cluster model analysis of the 

photoemission spectra [13,14]. To compare the relative 

stability of the various states, we compute their energies as 

functions of the crystal-field strength 10Dq and Hund’s 

coupling j since the phase diagram mainly depends on 

the competition between these two parameters. Our results 

show that for a fixed exchange coupling j , the ground 

state of the system is high-spin antiferromagnetically 

ordered state (HS-HS-AFM). 

 

 

2. Theoretical formalism 

 

Since the rare earth elements form paramagnetic ions 

which contribute little to the density of states at the Fermi 

energy, only transition metal 3d orbitals and oxygen 2p 
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orbitals play important roles. Thus we adopt the general 

multiband d-p model Hamiltonian [15] 
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Where imd  (
imd 

+
) and jnp  ( jnp 

+
) denote the 

annihilation (creation) operators of an electron on a Co-d 

orbital at site i and an O-p orbital at site j respectively, 

and 
0

dm  and p  are their corresponding on-site 

energies. m and n refer to the orbital index and   

denotes the spin. The crystal-field-splitting energy is 

included 

in
0

dm ,i.e., 0 0

2( ) 4d g dt Dq = - , 0 0( ) 6d g de Dq = + , 

where
0

dm is the bare on-site energy of d orbital. 
mn

ijt and 

'nn

ijt are the nearest-neighbor hopping integrals for p-d and 

p-p , which are related to the Slater-Koster parameters 

( pd ), ( pd ), ( pp ), and ( pp )[16]. 
d

imS  is the 

total spin operator of a Co ion, extracting the one in orbital 

m .The parameter HJ is the Hund’s coupling constant, 

5 / 2Hu u J= - , where the parameter u is related to the 

multiplet averaged d-d Coulomb interaction 

U via (20 / 9) Hu U J= + . 

In the unrestricted Hartree-Fock approximation, the 

Hamiltonian becomes linearized and reduces to 
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Here , ,d d d d

m m m m m mn d d n n   +

­ ¯= = - and
d

tn and
d

t

are the total electron numbers and magnetization of the Co 

d orbitals. For the tight-binding Hamiltonian (2), the 

density of states can be easily calculated using the 

real-space recursion method [17] and the Green’s function 

is written as 
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The recursion coefficients ia and ib are obtained 

from the tridiagonalization of the tight-binding 

Hamiltonian matrix for a given starting orbital. The 

multiband terminator [18] is chosen to close the 

continuous fractional. To study the spin state transition in 

SrCeCoO4, we have considered various ordered states of 

an enlarged double cell of SrCeCoO4. We have computed 

25 levels for each of the 68 independent orbital; the results 

are checked for different levels and better than 5meV in 

energy accuracy is secured. The whole procedure is 

iterated self-consistently until convergence and the density 

of states is obtained by ( ) (1/ ) Im ( )m mw G w  = - . This 

allows us to calculate the electron numbers and magnetic 

moments, as well as the energies of various ordered states. 

 

3. Numerical results and discussions 

 

Since there have been relatively few studies on 

layered perovskite SrCeCoO4, there are no direct 

experimental data on the band structure parameters, and 

thus these parameters have to be estimated from their 
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counterpart of LaCoO3[19,15], since the size of Co-O6 

octahedron of SrCeCoO4 is essentially the same as that of 

LaCoO3[20]. As the Slater-Koster parameters 

approximately satisfy the scaling relation, they are taken 

as ( ) 2.0pd = - eV, ( ) 0.922pd = eV, ( ) 0.6pp = eV, 

and ( ) 0.15pp = - eV, respectively. The 

nearest-neighbor hopping integrals between the oxygens of 

neighboring layers can be obtained using the formula [21] 

( )2 2/
ll m ll m

V md¢ ¢=  with d denoting the interatomic 

distance, they are given ( ) 0.334pp = eV, and 

( ) 0.084pp = - eV. The bare on-site energies of Co-d 

and O-p orbitals are taken as
0 28.0d = eV and 

0p = eV. The on-site Coulomb repulsion is 

5.0U = eV. The crystal-field splitting and Hund’s 

coupling are set as 0.14Dq = eV and 0.90HJ = eV 

which is slightly larger than that in LaCoO3 because the 

configuration of Co
2+

 in the ground state of La2CoO4 [22] 

is
5 2

2g gt e  (high-spin state) rather than 
6 1

2g gt e (low-spin state). 

The lattice parameters of SrCeCoO4 with tetragonal 

symmetry are taken 3.8097a = Å and 

12.4788c = Å from Ref. [23]. With the parameter set 

given above, we have investigated the electronic structures 

of LS, HS as well as all possible spin combinations among 

them. The stability of various states is analyzed for 

different Dq and j. Our results indicate that five magnetic 

structures with different spin-state are found to be 

metastable and the HS-HS-AFM state is the ground state. 

In the following, we discuss these states one by one. 

The first state we considered is the LS state. As can be 

seen from the density of states presented in Fig. 1(a), this 

state corresponds to a poor metal, since the density of 

states at the Fermi energy is quite small and bellow the 

Fermi energy (EF=0) is a broad Energy gap . The magnetic 

moment and occupancy of the d orbital are 0.97 B and 

7.42, respectively. In fact, ferromagnetic LS state has 

rather higher energy in the states we studied, it cannot 

become the ground state unless the Hund’s coupling j is 

extremely large.  

In comparison with the ferromagnetic LS state, the 

density of state of ferromagnetic HS state shown in Fig. 

1(b) is even more broadly distributed since 2gt and ge band 

splitted further because of the larger magnetic moment. 

The overall shape of the density of states is quite similar to 

the LS state except for a broad Energy gap lie in the Fermi 

level and a small peak above the EF, so this state is an 

insulator. The magnetic moment of the HS state is 2.72 B  

and the occupancy of the d band is 7.26. 

As displayed in Fig. 1(c), the density of states of 

LS-HS state has a broader band structures than that of LS 

state and the gross feature is very close to that of the HS 

state. The structures in the vicinity of EF mainly stem from 

the 2gt band and the major part of the valence band comes 

from O-p orbitals. This state is a paramagnetic insulator 

since the Fermi energy lies within the gap. The occupancy 

of the Co d orbital is 7.48 for the LS site and 7.24 for the 

HS site; the magnetic moment is1.07 B for the LS site and 

2.72 B  for the HS site.  
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Fig. 1. The total density of states for (a) LS state, (b) HS 

state, and (c) LS-HS state for 0.90HJ = eV 

and 0.14Dq = eV. The other parameters are described  

                   in the text. 

 

In addition to the translational invariant states 

discussed above, below we concentrate on the various 
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spin-ordered antiferromagnetic states in an enlarged 

double cell of SrCeCoO4. The first spin state is the 

antiferromagnetically ordered LS (LS-LS-AFM) state as 

shown in Fig. 2(a), the main difference from the 

ferromagnetic LS state in Fig. 1(a) stems from the further 

splitted Co-d bands and the peaks become even sharper 

due to antiferromagnetic ordering. The LS-LS-AFM is a 

band insulator with a gap of the order of 2.05 eV. The 

electron occupancy and magnetic moment of Co-d are 

7.43 and 0.88 B , respectively. 

The next spin state is the antiferromagnetically 

ordered HS-HS-AFM state plotted in Fig. 2(b), like most 

of the antiferromagnets at integer electron filling, this state 

is also an band insulator. But its energy gap is the broadest 

among the above states. The occupancy of the Co-d bands 

is 7.29 and the corresponding magnetic moment is 2.68 B . 

As we will see later in this paper, this state is the ground 

state of the system with the lowest energy following 

crystal field strength Dq decrease.  

The last antiferromagnetically ordered state is the 

LS-HS-AFM state presented in Fig. 2(c) which can be 

envisaged as a superposition between HS-HS-AFM and 

LS-LS-AFM. This state is also a band insulator, its band 

gap is more or less the same as that of LS-LS-AFM state. 

The occupancy of the Co-d orbital is 7.49 for the LS site 

and 7.27 for the HS site; the magnetic moment is 

1.00 B for the LS site and 2.69 B  for the HS site.  
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Fig. 2. The total density of states for (a) LS-LS-AFM 

state, (b)  HS-HS-AFM state, and (c) LS-HS-AFM state.  

       The parameters are the same as in Fig. 1. 

In order to determine which spin structure will be the 

most probable candidate of the ground state of SrCeCoO4, 

we have calculated energies per double cell of various 

states as functions of crystal-field splitting Dq and for two 

sets of Hund’s coupling 0.90HJ = eV and 0.94HJ = eV. 

It is shown in Fig. 3 that as crystal-field 

splitting Dq changes from 0.10 eV to 0.20 eV, only the HS 

-HS-AFM state can become the ground state of the system. 

We would like to point out that the energy diagram for 

different j looks the same except for a shift of the 

crossover points on Dq. Other structures we studied are 

energetically unfavorable in the relevant parameter region 

of the compound. Since Hund’s coupling HJ and the 

crystal field strength Dq affect the energies in a correlated 

fashion. In the following, we are mainly interested in the 

magnetic ground state HS-HS-AFM state. 
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Fig. 3. The energies per double cell of the various spin 

states as a function of Dq ; (a) 0.94HJ = eV and (b) 

0.90HJ = eV. Other parameters are described in the  

                      text. 

 

In order to better understand the magnetic properties 

of the ground states, we discuss the HS-HS-AFM state in 

more detail. The total density of states (TDOS) and the 

spin resolved partial densities of states (PDOS) are 

presented in Fig. 4. The TDOS shown in Fig. 4(a) and the 

PDOS for both O-p orbitals and Co-d orbitals are plotted 

in Figs. 4(b–d). The PDOS of Co-d ( 2gt ) and Co-d ( ge ) 

are differentiated with solid and dotted lines in the middle 

panel. It is found that the density of states of the Co-d ( 2gt ) 
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orbital is very localized near the Fermi energy and that of 

Co-d ( ge ) orbital is quite extended. For the total density of 

states, The first peak above the Fermi energy is 

contributed by Co(1)- d ( 2gt ) and Co(2)-d ( 2gt ) orbital 

while the top peak just above the Fermi energy result from 

the Co(1)- d ( ge ) and Co(2)-d ( ge ) orbitals; and the first 

peak below the Fermi energy is contributed by Co-d ( 2gt ) 

orbital while below the Fermi energy the main body of the 

valence band is mainly of O-p character. 
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Fig. 4. The density of states per double cell of the 

HS-HS-AFM state for 0.14Dq = ev. (a) Total DOS; (b) 

PDOS of  Co(1)-d;  (c) PDOS of Co(2)-d; (d) PDOS of  

    O-p. Other parameters are described in the text. 

 

 

4. Conclusion 

 

In this paper, we have studied various spin ordered 

structures in an enlarged double cell of layered perovskite 

SrCeCoO4 using the unrestricted Hartree-Fock 

approximation of the multiband d-p model, six convergent 

states are analyzed in detail and the phase diagram is 

obtained as functions of the crystal-field splitting and 

Hund’s coupling. It is found that the HS-HS-AFM state is 

the ground state of the charge-ordered system. 
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